The interaction of 3 water sanitizers (sodium hypochlorite, iodine-polyvinylpyrrolidone, and citrate) utilized in poultry production on antibacterial activity and bioavailability of amoxicillin trihydrate (AMX) were studied. Sanitizers were mixed with AMX in prepared water, the resulting substances were regarded as amoxicillin-sanitizer products (ASP). First, the in vitro antibacterial activity of each ASP was compared to that of AMX. Then, pharmacokinetics (PK) of ASP and AMX diluted in prepared water, were carried out in broiler-chickens. Amoxicillin or ASP (20 mg/kg) from different concentrations of sanitizers was directly placed into the chicken's crop and blood samples were taken. Basic PK parameters were obtained. Serum activity/concentrations of AMX were assessed by agar diffusion and corroborated with high performance liquid chromatography. Results show that ASP of AMX/sodium hypochlorite decrease both, the antimicrobial activity of in vitro AMX and its relative bioavailability (Fr) assessed with the maximum serum concentration (C max ), the area under the concentration-time curve, and the mean residence time (MRT) (3.80 μg/mL, 2.70 μg/mL·h, and 0.59 h, respectively), compared to the AMX administered alone (12.54 μg/mL, 44.02 μg/mL·h, and MRT 2.78 h). ASP from amoxicillin/ionophore, reduced the Cmax (10.62 μg/mL), Fr (94.67%), and MRT (2.07 h), at the highest tested concentrations. In contrast, the 2 highest concentrations of the citrate sanitizer increased the C max (15.07 and 15.47 μg/mL), Fr (119 and 132%), and MRT (3.32 and 4.06 h) and their in vitro antimicrobial activity. Interactions between the tested water sanitizers and AMX modify the C max , Fr, MRT of the latter, altering the PK/pharmacodymanic ratios for a time-dependent antibiotic. Results also reveal that the use of amoxicillin trihydrate administered through the drinking water does not meet the required PK/pharmacodymanic ratios. Thus, it is here postulated that this antibiotic should be administered at least twice a day and that its interaction with water sanitizers should be considered.
INTRODUCTION
Rational use of antibacterial drugs has been highlighted and considered a worldwide priority (Kathleen and Van Dijr, 2011) . Therefore, antimicrobial dosing schedules and methods should be revised in order to comply with desired pharmacokinetics/pharmacodynamic (PK/PD) ratios appointed for veterinary medicine (McKellar et al., 2004) . In poultry medicine, well planned dosing protocols and adequate equipment are followed to attempt the accurate C 2018 Poultry Science Association Inc. Received June 12, 2017 . Accepted March 12, 2018 Corresponding author: sumano@unam.mx delivery of antibacterial drugs to the flock, and eventually to each chicken (Vermeulen, 2002) . The preferred manner for administering antibacterial drugs is through their drinking water. Besides its easy administration, this route and vehicle are chosen because it is believed that for most antibacterial drugs, better bioavailability (F) is obtained (Esmail, 1996) . Even so, considerable variations in F among flocks and even among individuals should be expected. Among other causes, drinking habits in the flock of each chicken, are accountable for these variations (Bailey, 1999; Ribeiro et al., 2004; Ziaei et al., 2011) . Also, quality of the drinking water has been shown to modify F of antibacterial drugs in chicken (Bell and Weaver, 2002; Sumano et al., 2004; Fairchild et al., 2006) as it also happens with (NRC, 1994; May et al., 1997; Quilumba et al., 2015) . One further aspect that may also induce variations in F of antibacterial drugs, when they are given to poultry through drinking water, is the concurrent use of water sanitizers (Vermeulen, 2002) . The possible interaction of a sanitizer added to drinking water with a given antibacterial drug has not been addressed in formal literature. The efficacy of most watersanitizing agents is based on their high reactivity with chemical and organic entities (Kahrs, 1995) ; therefore it is reasonable to think that they can react with a given antibacterial drug when concurrently added to the water source, and such interactions may consequently modify F (Esmail, 1996) . Iodine-polyvinylpyrrolidone, sodium hypochlorite preparations, and a citrate-based sanitizer are often used in poultry medicine (Acero et al., 2010; Hua et al., 2015) . However, the consequences of the interaction between these chemicals and many antimicrobial drugs, in terms of loss or increase of in vitro antibacterial activity and F, await characterization. Amoxicillin (AMX) is a semisynthetic β-lactam antibiotic belonging to the aminopenicillin group. It possesses a broad antimicrobial spectrum, a reasonably good absorption rate, and considerable tissue penetration (Anadón et al., 1996) . Additionally, it exhibits low toxicity compared to other antimicrobials (Krasucka et al., 2015) and has a low cost (Sun et al., 2016) . It is used in poultry farming (Sun et al., 2016) and is commercially available in México (SAGARPA, 2012), Latin America (SENASA, 2015; ICA, 2017; MIDA, 2017; SAG, 2017) , Canada (Agunos et al., 2012; Sun et al., 2016) , and the European Union (Table 1) . According to the sixth European Surveillance of Veterinary Antimicrobial Consumption, penicillins are the second most used group of antimicrobials in production animals (25.5%), only surpassed by tetracyclines (33.4%); and from these, AMX and ampicillin are the most consumed and are primarily administered orally (EMA, 2016) . However, like all beta-lactam antibacterials, the amoxicillin molecule is highly susceptible to undergo chemical reactions (Acero et al., 2010) . Therefore, the aim of this study was to assess whether or not the interaction of AMX with sodium hypochlorite, iodine-polyvinylpyrrolidone, and a citrate-based disinfectant results in the modification of the antibacterial activity of the drug in vitro, and whether the concurrent administration of these water sanitizers with AMX alters its relative bioavailability (Fr) in broiler chickens.
MATERIAL AND METHODS
This study was conducted in 2 phases. The first phase (antibacterial activity) was carried out in order to identify possible modifications of the in vitro antimicrobial activity of AMX in the presence of a sanitizer; whereas, the second phase (bioavailability) was designed to identify if the variations in Fr, maximum serum concentration (C max ), mean residence time (MRT), and time in which the serum activity/concentrations were at or above the minimum inhibitory concentration (MIC) value (T ≥ MIC), could be observed in chickens dosed with various amoxicillin-sanitizer products (ASP).
Antibacterial Activity
Water sanitizers were mixed with AMX in prepared water, characterized by originating from any type of water supply (including municipal water); and additionally, subjected to any treatment that could modify the original water in order to comply with the chemical and microbiological safety requirements for pre-packaged water and commercialized as purified or drinking water (WHO, 1999; Sumano and Gutiérrez, 2008) . It has a pH 8 and a resistivity of 200 Ω r m, as analyzed with an Oaklon multiparametric apparatus (Testr 35 series, Vernon Hills, USA) at 20
• C. In this study, the bacterial charge was always smaller than 50 UFC/mL E. coli. After 30 min, the resulting substances were regarded as ASP. This ASP was inoculated into 80 agar wells prepared in a large plate, as suggested by Pillai et al. (2005) and based on directions of CLSI (2012). Serial dilutions from 0.05 to 50 μg/mL were prepared to interact with free chlorine (5 to 40 μg/mL) from a commercially available preparation of Na-hypochlorite (pH 11) (Hipoclorito de sodio al 13%; Organizacion Química de Calidad, Morelos, México), with free iodine (8 to 64 μg/mL) from iodine-polyvinylpyrrolidone (pH 3.5) (Iodosol 50; Loeffler, CDMX, México) and with a Citrex sanitizer (Citrex, Inc., USA), manufactured with an undisclosed mixture of orange and grapefruit seed extracts and citric acid (2 to 16 mg/mL) (pH 2.3). The tested ranges covered the maximum concentrations recommended by manufacturers and were approximately 8 times more concentrated. Control wells included AMX alone (pH 5.67) (Amoxi-40; FIORI, Querétaro, México) and the corresponding sanitizer, repeating the same serial concentrations as above. The tested bacteria were Bacillus subtilis ATCC 6633.
Bioavailability
This study phase complied with the Mexican regulations for use of experimental animals, as laid out by the Universidad Nacional Autónoma de Mexico (UNAM) and Mexican prescripts in NOM-062-ZOO-1999. Written permission was granted on 2015 January 13. A total of 1,365 healthy, 6 wk old, Cobb 500 female chickens, weighing 2.5 kg ± 20 g SD were included in this trial.
Cobb chickens were managed using the recommended guidelines for this genetic-line (Cobb-Vantress Inc., 2005) , having a population density of 30 kg of biomass/m 2 , nipple-type drinkers (10 chickens/nipple), and manual hopper feeders (50 chickens/feeder). They were placed in an experimental chicken coop with concrete floor (8 wide × 14.5 m long × 4 m high), covered with clean corn-straw bedding, in groups of 35; each group had 3 replicates (105 chickens per group), separated by a wire mesh. The room temperature was kept at 21
• C and a mechanic negative-pressure ventilation system was used. The birds were fed with a balanced diet, based on National Research Council requirements (1994) .
Four Fr studies were carried out for each ASP with 3 replicates per group (see Table 2 ). Also an Fr study with 3 replicates was performed, administering only AMX in free-sanitizer drinking water that can be described as prepared water.
Each chicken was individually weighed and fasted for 2 h before receiving 1 of the ASP or AMX, as a single oral bolus dose by means of a plastic cannula (BD Table 2 . Description of groups in which bioavailability of amoxicillin was assessed after oral dosing the product(s) of the interaction of amoxicillin plus and sanitizer. Insyte; USA) (1.7 mm by 7 cm) attached to a syringe, directed into the crop. Once the cannula was ensured to be properly placed, the experimental solution was slowly delivered. In all cases, the dose was 20 mg/kg of AMX alone or as ASP, and the volume was adjusted to deliver 1 mL of AMX or ASP per chicken. After treatment, blood samplings were taken at 0, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 10, 12 , and 24 h, using 5 randomly chosen chickens per sampling time and drawing 3 mL of blood per chicken. Each bird was bled only twice. In order to achieve a close timing interval between the drug administration and blood sampling from the wing or jugular vein, technical assistance and clockwatch timing were ensured. Thus, differences between the targeted and the actual blood sampling times were never more than 5 min. Blood samples were immediately centrifuged and approximately 1.0 mL of serum was recovered, identified, and frozen until analyzed. Serum AMX activity/concentrations were determined through the modified agar diffusion analysis, described by Bennet et al. (1966) using Bacillus subtilis (ATCC 6633) as the test microorganism, and then corroborated by high performance liquid chromatography as described by Krasucka et al. (2015) .
For the modified agar diffusion analysis, the intraassay variance coefficient was <6.6 and the inter-assay error was <7.4. The analytical assay was linear over a concentration range of 0.05 to 10 μg/mL, with a recovery percentage of 90 ± 2 and a correlation coefficient (r) of 0.96. The detection limit was 0.05 μg/mL, whereas the quantification limit was 0.01 μg/mL. For the high performance liquid chromatography analysis, the intraassay variance coefficient was <1.7 and the inter-assay error was <1.6. The analytic assay was linear over a concentration range of 0.01 to 15 μg/mL. The mean ± 1 SD recovery was 94 ± 3% (r = 0.98). The detection limit was 0.003 μg/mL, whereas the quantification limit was 0.01 μg/mL. Compliance between both methods for determining AMX serum concentrations was carried out using the amoxicillin-spiked poultry serum samples processed by the 2 analytical techniques. Subtraction of the recover percentages revealed an error of no more than 12.4%.
The serum concentrations of AMX vs. time relationships were analyzed using compartmental PK through the software from PKAnalyst (MicroMath, PKAnalyst for Windows. 1995. Version 1.1. MicroMath Inc., St. Louis, MO, USA). Best fit was obtained in model 5 (r < 0.95) with the following general formula:
The following PK parameters were obtained: elimination half-life (T 
Statistical Analysis
Antibacterial Activity The obtained data were processed through a generalized linear model (GzLM) (Garson, 2013) for a continuous variable, expressed as follows:
where η i = linear predictor of inhibition zone; β 0 = intersection; β 1 = regression coefficient for the antibiotic X 1 ; β 2 = regression coefficient for sanitizer X 2 ; β 3 = regression coefficient of the interaction between the different concentrations of antibiotic and sanitizer X 1 X 2 . Then, this was analyzed by the maximum likelihood method. Marginal means of interaction were calculated between the different levels of interaction of the antibiotic and each sanitizer (X 1 X 2 ). Using these multiple comparisons, a Bonferroni procedure was performed. The accepted significance level was P < 0.05. All data analyses were performed using the SPSS statistical package (IBM SPSS, Statistics for Windows. 2011. Version 20.0. IBM Corp. Armonk, NY).
Bioavailability Mean value of AMX serum concentrations vs. time from all groups were analyzed by means of a Shapiro-Wilk test (Shapiro and Wilk, 1965) , in order to test for normal distribution; and PK parameters with normal distribution using a general linear model as follows:
where Y ij = individual pharmacokinetic parameter value in the ith dilution of sanitizer; μ = general mean; D i = dilution of the sanitizer (i = 1, 2, 3, 4, 5); e ij = random standard error N (μ, σ e 2 ). Bonferroni multiple comparison tests for marginal means and standard errors were adjusted for the considered model; these were performed with a significance level P < 0.05. The model was analyzed by means of least squares, using the SPSS statistical package. Table 3 shows the in vitro antibacterial concentration/activity as measured by the inhibition zones, when allowing the interaction of AMX with chlorine, citric-based sanitizer, or iodine. As chlorine sanitizer concentrations increased, the antibacterial action of the ASP diminished in a linear manner (Y IJ = 4.35 + 0.047b 1 −0.035b 2 ) ; where Y IJ : inhibition halos; b 1 : AMX; b 2 : chlorine; with an r 2 = 0.73, F 2, 79 = 105.94; P = 0.0001. The ASP of the AMX-citric-based sanitizer, showed an increase in the antibacterial activity with the highest sanitizer concentrations (50 and 5 μg/mL) (P < 0.05 in both cases). In contrast, the highest concentration of the iodine-based sanitizer (64 μg/mL), diminished the antibacterial activity of the ASP when AMX was tested at 50 and 5 μg/mL (P < 0.05 in both cases). Figure 1 shows the AMX serum profiles from ASP that differ from the values obtained for the reference group (A), in a statistically significant manner (P < 0.05) and resulted in higher C max, MRT, AUC, and T ≥ MIC values. Table 4 presents the PK parameters for AMX derived from ASP and the reference ones. Two groups presented higher C max, MRT, and T ≥ MIC values than the A group: AC+++ and AC++++, which belong to ASP from the 2 highest concentrations of ASP derived from the citrate-based sanitizer combined with AMX (P < 0.05 in both cases). The T ≥ MIC obtained for the AC+++ group was 7.44 h; that is, 24% higher than the control one. This same parameter was 7.75 h for the AC++++ group (29% higher than the control group). All groups of the chlorine series caused the ASP to have statistically inferior C max, values compared to the reference value (P < 0.05 in all cases). Other variations in PK parameters were also noted, namely a decrease in AUC, MRT, and obviously an inferior T ≥ MIC (Table 4) .
RESULTS

Antibacterial Activity
Bioavailability
High iodine concentrations produced a decrease in C max for the EI++++ group (64 μg/mL of free iodine) (P < 0.05). Additionally, a decrease of MRT, Fr, and T ≥ MIC was also obtained for this group (P < 0.05 in all cases).
As referred before, the ASP from 2 of the highest concentrations of citrate-based sanitizer showed statistically higher C max, MRT , Fr, and T ≥ MIC (P < 0.05 in all cases). Table 4 . Mean ± SD of pharmacokinetic 1 variables for amoxicillin administered at 20 mg/kg in broiler chickens after dosing them orally with the interaction products of amoxicillin plus chlorine (from sodium hypochlorite), or a citrate-based or iodine-based water sanitizer. 2 β = elimination half-life. 3 T max = time to reach C max . 4 C max = maximum serum concentration. 5 AUC = area under the serum concentrations vs. time curve. 6 MRT = mean residence time. 7 Fr = relative bioavailability (AUC interaction /AUC E ) * 100. 8 T ≥ MIC = time in which serum activity/concentrations were at or above the MIC value.
DISCUSSION
The results derived from the interaction of water sanitizers with in vitro AMX and on the bioavailability of AMX in broiler chickens, reveal 3 different outcomes. If the interaction is with sodium hypochlorite, there is an almost linear progressive reduction of the in vitro antibacterial activity of AMX and this is somehow replicated in the observed C max , MRT, Fr, and T ≥ MIC values. Based on their oxidizing ability, halogenated disinfectants (iodine and chlorine) are commonly used as drinking water sanitizers (McDonnell and Russel, 1999; Sumano et al., 2015) , and it is precisely this oxidative capacity that may react and alter the chemical structure of amoxicillin or modify its antimicrobial effects. For example, it has been stated that the aromatic ring and the amino group of AMX are susceptible to chlorine oxidation (Acero et al., 2010; Wang et al., 2010) . In contrast and despite being also a halogenated compound, the iodine-based sanitizer used (iodine-polyvinylpyrrolidone, pH 3.5) was unable to interact sufficiently with the AMX and induce tangible changes in either the in vitro antibacterial activity or in the Fr patterns. Yet, reduction in the C max antibacterial activity, Fr, and MRT was only observed with the highest concentration of iodine. Iodine-polyvinylpyrrolidone is a slow iodine release formulation and this may partly explain the in vitro and in vivo antibacterial activity/concentration patterns. It is possible that if a longer AMX-iodine interaction time was allowed, a greater deterioration of AMX's antibacterial activity could have been obtained. This must be further studied, because the AMX prevalence in water tanks could last much longer than 30 min; which was the AMX-water sanitizer interaction-time allowed during this trial. The citrate-based compound enhanced the in vitro AMX antibacterial activity. Relative bioavailability followed a similar pattern, where the C max, Fr, and MRT were significantly enhanced (P <0.05) with the 2 highest concentrations of the citrate-based water sanitizer (8 and 16 mg/mL) (see Table 2 ). This type of water sanitizers are usually made from grapefruit extracts and other citric seeds (Bevilacqua et al., 2013) . It has been reported that grapefruit seed extracts contain furanocoumarins, which in turn can reduce or inhibit the gastrointestinal glycoprotein G activity, allowing a better bioavailability of some drugs (Dahan and Altman, 2004; Bailey, 2010; Ahmed et al., 2015) . Additionally, it has been shown that grapefruit extracts also inhibit the P-450 (CYP) enzyme activity at the gastrointestinal epithelial level (Bailey, et al., 1998; Kane and Lipsky, 2000; Giorgi et al., 2003) , contributing to a better absorption of some drugs. Consequently, it is likely to think that the active principles of the citrate-based sanitizer contribute to increase the C max , MRT, and Fr of AMX; such as what was observed in the results obtained during this experimental model (Kalpana et al., 2015) .
In this work, the chlorine, iodine, and citrate-based studied sanitizers included the maximum recommended concentrations found in the literature, and even they were 8 times more concentrated (CES, 1998; Sumano et al., 2015) . It is not uncommon that the drinking water in poultry coops contain high concentrations of iodine, chlorine, or citrate products as a result of accidental accumulation or due to an inadequate dosing (Maharjan et al., 2016) . For example, in the case of iodine, it has been used at high doses to treat outbreaks caused by adenovirus: 1.6 times the maximum recommended dose of iodine as water sanitizer (Abdul-Aziz and Hasan, 1996) . Alterations of either, in vitro antibacterial activity or ASP bioavailability at lower concentrations, were generally much more discrete. Further work is needed to define changes in these parameters when longer interactions occurs within the water tank, considering that under field conditions the total consumption of the water source may take much longer than 30 min. However, a conclusion that can be reached from this study is that, if it has been decided to administer AMX to chickens through their drinking water, the water sanitizer of choice is the citrate-based one.
The rational use of antimicrobials has been worldwide prioritized due to the increase of microbial resistance to these agents and the lack of new families of antimicrobial agents destined to poultry medicine (Saga and Yamaguchi, 2009; Bjork et al., 2015; Limayem et al., 2015) . One of the obvious strategies that emerge from this situation is the use of antibacterial drugs based on PK/PD ratios (Errecalde, 2004) . Amoxicillin being a time-dependent antimicrobial drug, the most important PK/PD ratio is T ≥ MIC. In order to obtain optimal clinical results, it has been set that depending on the pathogen, the dosage interval of T ≥ MIC can range from 40 to 100% (McKellar et al., 2004; MacGowan, 2011) . In spite of the above, C max has also been highlighted as important and has been set at 1-5 times the MIC value (McKellar et al., 2004) .
It is unlikely that commercial preparations of AMX comply with the referred ratios, because AMX preparations for poultry that are administered through drinking water are usually prescribed with a 24-h interval. For example, based on the MRT and C max obtained for AMX during this trial (2.78 h ± 0.04 and 12.54 μg/mL ± 0.80, respectively) and considering a theoretical MIC of 1 μg/mL for Pasteurella sp. (Huang et al., 2009) , it can be observed that the referred PK/PD ratios were not met using AMX alone. The results obtained in this trial, coincide with those of Krasucka and Kowalski (2010) . By analyzing their reported serum concentrations of AMX vs. time relationships in poultry, they obtained a T ≥ MIC of only 8.33% after dosing broiler chickens with 20 mg/kg and considering the same Pasteurella sp. MIC values. They also reported a C max value that was only equivalent to the MIC for this pathogen. Similarly, Abo et al. (2004) showed that a dose of 10 mg/kg administered orally induced a T ≥ MIC of only 2.91 to 12.5%, also considering Pasteurella sp. Similarly, by analyzing data from Kandeel (2015) , a dose of 10 mg/kg PO offered a T ≥ MIC that ranged from 8.3 to 25%. Also, the C max failed to reach 4-5 times the MIC value. In contrast, the same analysis performed on an earlier study by Anadón et al. (1996) , offered AMX serum concentrations that complied well with the referred PK/PD ratios. Differences in the analytical precision may account for discrepancies among these researchers.
It has been shown that the so-called post-antibiotic effect is either minimum or nonexistent for betalactamic antibacterial drugs (Cars, 1997; Papich, 2014) . Thus, dosing intervals should ideally be established at the time when serum concentrations of the betalactamic drug fall below the MIC value. This is not possible for poultry medicine. However, in order to comply better with T ≥ MIC, the AMX dosing should at least be set twice a day. A specialized pharmaceutical design of AMX for poultry should then be investigated in order to provide protection to this drug when it has been diluted in drinking water; particularly, if it contains chlorine-based water sanitizers. The rapid and significant degradation of AMX in water has been demonstrated (Jerzsele and Nagy, 2009) . Also, other variables should be considered, such as water temperature, bacterial load, water hardness, among others (Sumano et al., 2004; Fairchild et al., 2006) . 
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